 Oral apoaequorin (a jellyfish protein) reportedly improves verbal learning in adults  Apoaequorin is a member of EF-Hand Ca 2+ 
Introduction
The hippocampus is critical for the formation of new memories about experienced events (episodic or autobiographical memory) [1, 2] . Memory consolidation is a category of processes that stabilize a memory trace after its initial acquisition [3] . Consolidation is distinguished by two specific processes, synaptic consolidation, which is synonymous with late-phase long-term potentiation [4] occurring within the first few hours after learning and systems consolidation, where hippocampus-dependent memories become independent of the hippocampus over a period of weeks to years. Recently, a third process has become the focus of research, reconsolidation, in which previously-consolidated memories can be made labile through reactivation of the memory trace (rev. in [5] ). In studies using transgenic mice, Limback-Stokin et al. [6] found that nuclear Ca 2+ /calmodulin signaling is important in memory consolidation. Mochida [7] has reviewed the evidence that memory formation in a neuronal circuit depends upon firing activity-dependent release of neurotransmitters and that subsequent recycling of their carrier synaptic vesicles depends on Ca 2+ -calmodulin. More recent studies further suggest that memory reconsolidation and its maintenance at the cellular level depend on Ca 2+ channels and Ca
2+
/calmodulindependent kinases regulating protein turnover [8, 9] .
Pretreatment with a jellyfish Ca 2+ -binding protein, apoaequorin, reportedly protects rat brain slice hippocampal CA1 neurons from oxygen-glucose deprivation [10] and has led to studies of the effects of an oral supplement containing apoaequorin (10 mg/day) on verbal learning in older humans [11] . Both the apoaequorin studies by Detert et calmodulin, a known factor in memory consolidation [6] . Analyses suggest that the apoaequorin:cholesterol and calmodulin:cholesterol complex may avoid proteolysis and cross the blood-brain barrier and be more successful as a dietary supplement. Cholesterol binds to the lysine (K) and arginine (R) amino acids in the cholesterol-binding CRAC/CARC motif and would presumably block sites of serine protease cleavage [13] and facilitate uptake across the blood-brain barrier.
Material and Methods
The amino acid sequences of apoaequorin and calmodulins were obtained from the ExPASy Identification of the largest cavity or channel in transmembrane proteins from crystallographic structure coordinates was carried out using ChExVis [15] . Masood et al. [15] describe a method for molecular channel extraction based on the alpha complex representation. This method computes geometrically feasible channels, stores both the volume occupied by the channel and its centerline in a unified representation and reports significant channels. Pore features, including diameter profiles, pore-lining residues, size, shape and regularity of the pore can be used to provide a quantitative and visual characterization of the channel. The ChExVis webserver is available at http://www.vgl.serc.iisc.ernet.in/chexvis/ . Two cholesterol recognition domains (CRAC and CARC) have also been identified in protein sequences where cholesterol binding occurs (rev. in [16] ). CRAC is a short linear amino acid motif that mediates binding to cholesterol and stands for Cholesterol Recognition/Interaction Amino acid Consensus sequence [16] . In a C-terminus to N-terminus direction the motif consists of a branched apolar Leu (L) or Val (V) residue, followed by a segment containing 1-5 of any residues, followed by a mandatory aromatic Tyr (Y) residue, a segment containing 1-5 of any residues, and finally a basic Lys (K) 
Results and Discussion
In the bioluminescent reactions in many marine organisms, trace amounts of Ca 2+ triggers intramolecular oxidation of the chromophore coelenterazine in aequorin with a concomitant emission peak at 470 nm (blue light) and conversion of aequorin to apoaequorin. Reduction of the disulfide bond is necessary to regenerate aequorin from apoaequorin. Used as a cellular ionized Ca 2+ indicator, aequorin has been found to have a number of advantages over other Ca Calmodulin contains 3 high affinity cholesterol binding CARC domains, whereas both apoaequorin isoforms exhibit only two high affinity CARC domains plus two lower affinity CRAC domains. As also indicated in Figure 2 , Ca 2+ -binding site 1 overlaps the pore-lining region of calmodulin-1 and is highlighted in blue. Calcium-calmodulin type of interaction is characteristic of the EF-hand family of proteins [21, 22] . The "EF hand" consists of two alpha helices linked by a short loop region (often about 12 amino acids) that usually binds Ca 2+ ions.
Sequence analysis indicates that apoaequorin exhibits three internally homologous EF-hand Ca

2+
binding domains [21, 22] and is therefore a member of the large EF-hand family of Ca 2+ -binding proteins [23] . As reported by Deng et al. [23] , a Ca 2+ ion is observed in each of the EF-hand loops of apoaequorin and has the canonical binding sequence coordinated in the characteristic pentagonal bipyramidal configuration. In all eukaryotic cells, and particularly in neurons, Ca
ions are important second messengers in a variety of signaling pathways (rev. in [24] binding sites whereas apoaequorin contains only three ( Figure 2 ). X-ray structure analysis of calmodulin shows that pairs of EF-hands form four-helix bundle domains with small twostranded β-sheets between the Ca 2+ -binding loops (cf. [23] ). As shown in Figure 2 , calcium binding site 1 overlaps the pore-lining region indicative of a calcium channel whereas calcium site 3 overlaps a cholesterol binding site. As noted above, calmodulin-1 differs in that it contains three cholesterol CARC motif binding sites whereas apoaqueorin contains two CRAC plus two CARC sites. This represents one CRAC/CARC motif per 49 amino acid residues for both molecules. Trypsin present in the gut predominantly cleaves proteins at the carboxyl side of the amino acids lysine (K) and arginine (R) [13] , both of which are associated with the CRAC and CARC motifs and suggests that one or more serine protease cleavage sites may be blocked by cholesterol. As shown in For many cellular functions, cholesterol also facilitates formation of caveolae [24] and modifies signaling proteins [25] . As reported by Singh-Manoux et al. [26] , low levels of high density lipoprotein are associated with poor memory and/or a decline in memory in middle-aged adults, further indicating that circulating cholesterol plays a critical role in memory consolidation. In terms of direct interaction of cholesterol with ion channels, Levitan et al. [27] showed that cholesterol interacts with non-annular regions embedded between TM helices. They proposed that direct interaction with hydrophobic pocket and altering of the physical properties of the lipid bilayer are two distinct mechanisms by which cholesterol may regulate channel function. A variety of ion channels are sensitive to the level of cholesterol with the most common effect being suppression of channel activity that may include decreases of open probability, unitary conductance, and/or the number of active channels (rev. in [27, 28] ). The apoaequorin expressed by Escherichia coli [29] is highly purified and lacks bound cholesterol.
Dietary intake of apoaequorin together with cholesterol may greatly facilitate the uptake of intact protein from the gut. Dekky et al. [30] have shown that cholesterol distribution influences proteolytic release of the low density lipoprotein receptor-related protein-1 ectodomain and that increased cholesterol extraction is associated with increased proteolytic activity. Earlier evidence indicates that intact dietary proteins can, in fact, traverse the mature intestinal epithelium under physiological conditions [31] . For example, after infusion of tritium-labeled bovine serum albumin (BSA) into the duodenum of adult rats, Washaw et al. [31] report that about 2% of the 3 H-BSA was transmitted in macromolecular form into the lymph and blood. In Cholesterol binding may both facilitate calmodulin and/or apoaequorin uptake across the blood-brain barrier and/or entry into cells of the hippocampus. Granseth et al. [33] have reported that clathrin-mediated endocytosis is the dominant mechanism of vesicle retrieval at hippocampal synapses. These findings further suggest that the apoaequorin/cholesterol complex may be taken up by hippocampal neurons and serve to facilitate memory consolidation.
However, EF-hand proteins such as calmodulin may have advantages over jellyfish proteins in the improvement of short-term memory in the elderly, both in terms of specificity and avoiding side-effects from ingestion of foreign proteins. As shown here, the inclusion of Ca 2+ -binding site 1 within the pore-lining region of calmodulin and cholesterol binding within Ca 2+ -binding site 3 may regulate calcium-channel activity and further serve to enhance memory consolidation.
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